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ATRFOILS AND BODIES OF REVOLUTION (WITH AND
WITHOUT FINS) HAVING TURBULENT
BOUNDARY LAYERS

By Eugene S. Love
SUMMARY

An analysis has been made of available experimental data to show
the effects of most of the variables that are more predominent in deter-
mining base pressure at supersonic speeds. The analysis covers two-
dimensional bases and the bases of bodies of revolution, with and with-
out stabilizing fins, and is restricted to turbulent boundary layers.

" The present status of avallable experimental information is summarized
as are the existing methods for predicting base pressure.

A simple semlempirical method that essentlally extends the method
of Cortright and Schroeder (NACA RM ES1F26) is presented for estimating
bage pressure. For two-dimensional bases, this method stems from an
enalogy established between the base-pressure phenomens and the pressure
rise required to separate the boundary layer. An analysis masde for
axlally symmetric flow indicates that the base pressure for bodies of
revolution is subject to the same anslogy. Based upon the methods pre-
sented, estimations are made of such effects as Mach number, angle-of-
attack, boattailing, fineness ratlo, and fin effects. These estimations
are shown to give fair predictions of experimental results.

INTRODUCTION

The problem of predicting the base pressure at supersonic speeds
has received considerable attention in recent years and several methods
have been advanced recently (refs. 1 to 6), some of which give much
more satisfectory results than the older methods (refs. 7 to 9). The
work of Crocco and Lees (ref. 1) glves satisfactory qualitative predic-
tions throughout the Reynolds number range and may ultimately gilve
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satisfactory quantitative values 1f the problem of predlcting the Reynolds
number of transition in boundary layers and free wakes is sufficlently
overcome and 1f some relisble basic end value of the base pressure can v
be used as a starting point in the calculations. The semlempirical

method of Chapmen (ref. 2 and sdditional comparisons in ref. 10) has

proved satisfactory for the prediction of the base pressure on boat-

tail bodies and airfoils when the boundary layer is turbulent. This

method (ref. 2) utilizes experimental data on profiles without boat-

talling as compiled in reference 10. In reference 3, Cortright and

Schroeder have presented a method for estimating the base pressure on _
a boattail body having a turbulent boundary layer that utilizes any
data which provide the separastion angle at the base as a function of -
Mach number shead of the base. Existing comparisons between this method

and that of reference 2 appear to indicate that both methods give, in )
general, reasonable agreement wlth experimental measurements of boat- o
tall effects for bodies of revolution and for two-dimensional airfoils.

The method of Cope (ref. 5) does not appear to give as satisfactory a
prediction as that of Chapman and, as Cope has pointed out, the approxi-
mations and assumptions involved result in a first epproximation only.

Little is known by the present author of the recent method of Gabeaud B}
beyond the information given in reference U; therefore, the limits of -
its applicebility are unknown. Gabeaud does appear to confine his com-
parisons to experimental data from fimned bodies of revolution, but
since the equation as given in reference 4 includes no terms to cover L
fin effects, the value of the method remains in question. The method
of Kurzweg (ref. 6) appears inadequate since it gives identical results
for airfoils and bodles of revolution.

To date, considerable experimental work has been devoted to inves-
tigations of base pressure at supersonic speeds. The reported investi-
gations are too numerous to make reference to all hereln, but refer- i -
ences 11 to 33, 1n addition to certain of those previously mentioned, o
are examples of work that has been done to determine the effects of
various varisbles upon base pressure. References 2, 18, 19, 22, and 27
report investigatlions in which the effects of supporﬁlinterference ) .
upon base pressure have been studied. References 2 and 18 include
investigations of the effects of disturbances entering the wake (ref. 2
with sting support, and ref. 18 without sting suppor@); A number of
the references show the variation of base pressure with Reynolds number
at a constant Mach number. (See refs. 2, 6, 11, 17, 18, 27, 31, and 32,
for example.) These and other references show the effects for bodies
of revolution of such influencing veriebles as the presence of fins,
location of fins, jet flow, nose and base shape, and boattail angle.

Reference 12 and parts of references 29 and 33 are examples of studies _

devoted to essentially two-dimensional base pressures. With this . R
accumulation of experimental data and the compilations of data now in v
existence, particularly those in references 2 and 10, ready assessment
may be made of the effects of most of the primary influencing variables

<
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ag well as an evaluation of any method advanced to predict these effects.
However, as wlll be shown, there is still a need for experimental infor-

mation on the effects of certaln variebles, particularly those associated
with fin effects on bodies of revolution.

In the present investigation, only bodies and wings having turbulent
boundary layers ahead of thelr bases are consldered. Thils restriction
to turbulent boundary layers is not severe for practical application
since, at the Reynolds numbers for full-scale aircraft or missiles, the
likelihood of reaslizing complete laminar flow over the body or wing is
remote, particularly so for the body; in addition, the presence of sta-
bllizing fins causes transition even at low Reynolds numbers. (See
ref. 18.) The advantage of this restriction is that it permits effects
of Reynolds number to be l1gnored. References 2, 10, 12, 15, and 31,
for eksmple, have shown that, once a fully turbulent boundary layer
exists shead of the base, the variation in base pressure with Increasing
Reynolds number is small.

The purpose of this investigation is to maske a summary anslysis of
avallable experimental data, including some results obtained recently
in the Langley 9-inch supersonic tunnel, to show tHe effects of most of
the varlables that are more predominant in influencing base pressure
and to advance, where possible, simple semiempirical methods for the
prediction of these effects. These methods, while they may not be
slgnificantly advantageous over or much different from methods now in
existence, are believed to show a more direct relation between wake
and body geometry. Furthermore, a viscous analogy is established
between the trailing shock and the pressure rise required to separate
the boundary layer. The first portion of this paper will. deal with
two-dimenslonal base pressures. The second portion will deal with the
base pressure on bodies of revolution and will be covered in two sec-
tiong: %bodies without fins and bodies with fins.

SYMBOLS
o8 angle of attack
Mo free-gtream Mach number
Mo Mach number shead of base
My Mach number ahead of trallling shock
Py static pressure ahead of trailing shock

qQy dynamic pressure ahead of trailling shock
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static pressure behind trailing shock

pressure-~rise coefficient required to separate a boundary

1 Po - Py
ayer, ———— - -
Q1 ,

the critical angle for a two-dimensional turning of the flow

through & shock that will cause’ the boundary layer to
separate

Pp = Py ,
pressure coefficient, ——— : -
o<}

- P
base pressure coefficlent, ﬁgaf__fi -
oQ

base pressure
loczl pressure : =
free-stream static pressure
free-stream dynamic pressure
boattall angle . o

angle between free-stream direction and the edge of the
converging wake in exlally symmetric flow

local inclination of body surface with respect to body center
line _ : _

effective two-dimensional expansion angle at base of bodies
of revolution

maximum body diameter

base dlameter

fin thickness

fin chord

wake thickness just behind trailing shock

distance from trailing edge of fin to base of body (positive

when tralling edge 1s ahead of base) measured parallel to
body center line — .

QH



NACA RM LS53C02 5

N distance between base of body and spproximate location of
base of trailing shock, measured parallel to body center line
L body length
R Reynolds number
v distance from body center line measgured normal to body
center line
P angle between meridlian of fin and any other meridian
4 ratio of specific heats for sair

I - TWO-DIMENSIONAL BASE PRESSURE

Analogy to pressure rise for separation of boundary layer.- The
recent compilation of data reported in reference 34 has shown the pres-
sure rise across a shock wave that is necessary to cause separation of
the boundary layer on a flat plate with a forward-facing step. In that
investigation, the Prandtl pressure-rise coefficient (see ref. 35) is
presented in terms of the ratio of the difference between the static
pressures behind and ahead of the shock to the dynamic pressure shead
of the shock. The data compiled in reference 34 and recent results
obtained in the Langley 9-inch supersonic tunnel (9 in. SST) and the
mixing-zone apparatus (MZA) of the Langley 9-inch supersonic tunnel
are shown in figure 1. Of the indicated variations of Py with R,

1/12

the greatest appears to be proportional to R™ which is considera-

bly less than the theoretical variation proportional to R'l/s. The
least variation 1s essentially zero. Examination of these deta and
their sources indicated that, within the accuracy of the test procedures
employed, the pressure-rise coefficient experiences small or almost no
variation wlth Reynclds number when the boundary layer is turbulent
provided the step height (fig. 2(a)) is at least several times the
boundary-layer thickness. TFor the purposes of the present investigation,
this variation is assumed to be negligible since it is of the same order
as the varistion of base pressure with Reynolds number when the boundexry
layer is turbulent.

Figure 2(a) gives a sketch of the separation phenomensa on a flat
plate. Since the supported boundary layer (boundary layer adjacent to
a surface) will withstand only a certain critical value of P, Ybefore
separating, there seems little reason to believe that an unsupported
boundary layer (free wake) would have a critical value of P, that is
much different. This critical condition for separation may be expressed
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in terms that are more analagous to the physical characteristics of the
flow behind a two-dimensicnal base: +that is, the angle through which
the flow is turned has a critical value 8 for a given value of M;
that cannot be exceeded. Comparison of figures 2(a) and 2(b) shows the
analogy between the separation phenomena and the flow behind the base.
On the basis of this analogy, the experimental velues of P, as a

. function of M)} may be used to obtain the static pressure ratio pé/pl

across the shock and, thereby, the value of & may be calculated.
Once & 1s known, My 18 determined, and the variation of the base

pressure coefficient Pgp wilth M, masy be computed from the variation
of My with My. Figure 3 presents the variation of P, with Mj.
Each point represents the value of P, averaged over the Reynolds
number range for the particular value of M;. The values of M; were

selected on the Dasls of the examination of the data described in the
previous paragraph. With the exclusion of the point at M} = 3.03,
all data were flat-plate data. The data for My = 3.03 were obtained
by sliding two circular collars along a tube having a radius of ~
1.47 inches. The ratio of the radius of the collar fo the radius of
the tube wes approximstely 1.2 for the larger collar and 1.1 for the
smaller collar. Accordingly an approximation of the _three-dimensional
effect wag made and sgpplled as a correction to the point at M; = 3.03
a8 indicated in figure 3. This correction wasg obtained by measuring
the angle of flow deflection along the boundesry of the separated region
close to the beginning of separstion. . _

The calculated variation of & with My, based upon the curve
through the experimentel values of P, and the extrapolation beyond
M1 = 3.03, is shown by the lower curve in figure 4. The corresponding
base pressures are shown by the soclid line in figure 5. Also shown in
figure 5 are the curves of absolute limiting base pressure (vacuum),
inviscid limlting base pressure (maximum-deflection trailing shock),
and the experimental date compilations from references 10 and 29. The
predicted magnitude and variaetion of base pressure with Mach number
calculated from the pressure rise necessary to separate the boundary
layer is seen to be 1n falr agreement with the experimental results.
The fact that the predicted base pressure 1s slightly higher thean
experiment may be due to several factors: first, the effects of a
small varlation of Py with R; second, the predicted values corre-
spond to isentropic flow ahead of the base; third, the mixing profile
might be altered over the free Jet reglon by the presence of vorticity
in the "semidead air" region in a manner which would increase the
maximum Pp; and fourth, the free wake may withstend a higher P, as
the result of the absence of the damping effect upon turbulent oscilla-
tlons within the boundary layer that is creasted by the presence of a
solid surface. An increment of 0.06 sdded to Py as shown by the
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upper curve in flgure 3 glves the upper curve of & agalnst My in
figure 4 and the slightly lower base pressures shown in flgure 5.

In reference 36, some results are given for the pressure rise
across the trailing shock behind a rearward-facing step as Mach num-
ber and the slope of the surface following the step are wvaried.
Through the experimental renge of M; from sbout 1.8 to 3.4 the

results are shown to be in good egreement wilith the empirical relation

2
P - P1 M

Py L (1)

In terms of the previously deflned pressure-rise coefficient, equa-
tion (1) gives the interesting result that Pr 1is independent of M;

and is e@ual ta 1/27. The curve showing the varistion of Pp with
M, calculated from this constant value-of P, has been entered on

figure 5 for comparison. As would be expected, the predicted values
of Pp tend to be high at the lower Mach numbers and low =t the higher

Mach numbers. The results from the forward-facing steps are, there-
fore, more reliable for predlcting base pressure than the results from
the rearward-facing step wlth varying slope of the afterbody surface.
This would seem to indicate that the estaeblishment of the position of
the shock 1s more analogous to the conditions of the treiling shock
common to base phenomena when the turning of the flow is created by a
separated region rather than by a so0lid surface.

Effects of boattalling.- The variation of & with Mgy given in

figure 4 may be used to calculate the effects of boattalling on two-
dimensional airfoile where B = . Since 5 is measured with respect
to free-stream direction and defines the limiting turning angle of the
flow through the trelling shock, the value of boattail angle B 1s
subtracted from the wvelue of B that corresponds to the Mach number
immediately ahead of the base to obtain the value of ® to be used in
computing the base pressure. (This procedure is the same as that of
Cortright and Schroeder presented in ref. 3.)

When B exceeds & the base phenomena is complicated by the
fact that the expansion which existed at the corner of the base is
replaced by a compreesion, or shock, The base phenomena thus includes
two shocks whose strengths are interrelated. For a glven configuration
the shock at the corner of the base may be related to the necessary
conditions of the tralling shock (based upon Pr as before) through
the usual two-dimensional shock relations. So long as the pressure
rise across the shock from the corner of the base does not reach P,
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this shock will remein at the corner. However, when B becomes
sufficlently lerge, P, will have been exceeded and the shock at the
corner will move forward onto the boattall or body surface until a
point of equilibrium is reached for which the pressure rise is equal
to Pyr. For boattalls formed by flat surfaces and having an sbrupt
beginning, such a8 a shoulder, the shock at the corner will move
rapldly, if not immediately, from the corner to the shoulder when Py

for this shock 1s exceeded. Consequently, at very large B this
shock would disappear for such boattaill shapes since at B = 90° all
conditions are, within the essumptions, identicel to_those for B8 = 0°.
The base pressure at large boattall angles must, therefore, tend to
revert to the value at B = 0°.

In all caelculations by the present method, the pressure and Mach
number ahead of the base are taken into account. When separation
occurs on the boattall the Mach number and pressure ghead of the
gseparation point are used as described in the preceding paragraph.

In figure 6, predictions of the effects of boattalling by the
present approach are compared with experimental results and the esti-
mates of Chapman as gilven in reference 10. No estimete is shown for
the method of Cortright and Schroeder since when applied to the results
of figure 4 it gives an estimate through £ £8 that is identical with
the present estimste. The basic (lower) curve of figure 4 has been
used in the calculations for the present estimate and the calculated
curve of base pressure has, with one exception, been shifted to pass
through the value at . B = 0, when necessary, to agree with the initial
condition of Chapman's estimate. The same procedure has been used for
the curves in flgure 7 where comparison is made of the present estimate
and results obtained 1n reference 29. In the comparisons of figure 6
at M, = 1.50, the lack of experimental results at B = 0 prevents
any relisble assessment of the methods. However, the value for B =0
is believed to be somewhat lower than that assumed in reference 10,
since for large boattall angles the value of Pp must be approximately
equal to that for B = 0°. For this reason, and on the basis of results
to be presented in figure T at M, = l.41, the present estimate has
been faired as shown. The comparisons at M, = 2.00 _in figure 6 seem
to indicate that the present estimate indicates trends that tend to
follow the experimental results.

In figure 7 the present estimate shows fair agreement wilith the
experimentsl variation. The fact that the base pressure does decrease
noticeably with increasing boattall angle at Me = 1.41 and slightly
at M, = 1.62 would appear to justify the value of B =0 assumed for
the present estimate at M, = 1.50 in figure 6. The results of figure 7
indicate that the present method of éstimation will give a fair predic-
tion of effects of boattalling. Both the method and the experimental

<
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results show that in the lower range of B increasing the boattail angle
will decrease the base pressure below M,y ~ 1.9 and will increase the

base pressure beyond My R 1.9. The estimate of Chapman has not been

included in figure 7 since 1t glves almost zero variation from the
value at B8 = 0. Some of the erratic variation in the experimental
values shown in figures © and 7 mey be due to the fact that the base
heights are of the same order as the thickness of the boundary layer,
an unavoidable condition for thin airfoils with boattalling.

Factors other than those accounted for in the estimations by the
present method can affect the reverslion of the base pressure at large
B toward the value for B = 0°. The circulation within the wake and
the thickening of the turbulent wake boundaries as they approach
Juncture would, for values of B3 where separatlon has occurred on
the boattall surfeace, permit back-pressure effects from the trailing
shock to be important. Back-pressure effects would (for a given B)
aleo be related to the ratio of hase height to maximum height. For
ratlios near zero it is obvious that the base-pressure reversion must
be gradual since the base 1s moving slowly awaey from a position of
close proximity to the base of the trailing shock whose back-pressure
effects would tend to make the base pressure high. For ratiocs near
1.0 these effects would be negliglible since the base 1s never in
close proximity to the base of the tralling shock.

Angle-of-attack effects.- In references 10 and 12, the effect of
angle of attack for two-dimensional bases with and without boattalling
has been shown tc be small, if not negligible, for M, = 1.5 to 4 and
for angles of attack up to 9°. Additional results that have been
obtained in the Langley 9-inch supersonic tunnel are shown in figures 8
to 12 (fig. 11(b) excluded) and include some minor examples of the
effects of Reynolds number which, although they are not wilthin the
proposed scope of this paper, have been included to show the conditions
for which the boundary layer was turbulent ahead of the base. The
model configuration, which spanned the test section of the tumnel, is
shown at the top of figure 8. 1In all tests the vertical distribution
of pressure across the base of the model at the midspan station was
meagured and found to be essentially constant at all angles of attack
and at all Reynolds numbers. Examples of this distribution will be
presented subsequently. .

The dats of figure 8 show that with a turbulent boundary lsyer the
variation in Pp with o 1is small and that once o reaches a value
sufficlient to cause a compression at the base corner of the upper sur-
face, further increase In o Iincreases the base pressure. ZEstlmation
of the variation in Pp with o Dby the present method was made at

M, = 2.41 and, as shown in figure 8(d), the estimation 1s in good
agreement with the experimental results. (The estimated curve has been
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shifted slightly to allow the value at B =0 to be in general agree-
ment with the experimental values.)

Figure 9 presents some observations of the phencmena at M, = 1.93.
An exemple of the vortex street which forms in the wake behind the
trailing shock (reported in more detaill in ref. 12) 1s shown in fig-
ure 9(a). Figure 10 presents additional observations of the base o
phenomena at Mg = 2.41 for various angles of attack and Reynolds
numbers. All the photographs show the presence of the lip shocks that
extend rearward from the corners of the base; these shocks arise from
the tendency of the flow to overexpand initially as it turns the corner,
g0 that a shock is required to turn the flow in the direction determined
by the mixing boundaries of the so-called desd-sir region as shown in
figure 11(a). The inclination of the mixing boundaries and the 1lip
shocks are, therefore, directly related, and as shown in figure 12,
their inclinations vary with Reynolds number until a fully turbulent
boundary layer exists ahead of the base. (While two-dimensional bases
facilitate the observation of these weak lip shocks, it is of interest
to note that lip shocks have been observed in the flow about the base
of a body of revolution. An example of this is shownbin figure 11(b)
which presents a photograph obtained in tests of a 15~ cone-cylinder
in a ballistic range in the Langley gas dynamlcs lsboratory. In
exially symmetric flow the 1ip shocks are seen to be curved.) No attempt
is made to acdcount for the presence of these weak shocks in the esti-
mates of base pressure In this report. - -

On the basis of the configuration employed and the results shown
in figure 8, an analogy may be drawn for the base separating two super-
sonlc streams having different Mach numbers and different static pres-
sures Jjust ahead of the base but essentially equal stagnation pressures.
(For example, at Mo = 2.41 and o = 20°, My ~ 3.40 on the upper sur-
face and 1.58 on the lower surface.) If the particular values of the
Mach numbers and static pressures on elther silde of & base are such
that they can be resolved to essentially the same Mach number and
static pressure by superimposing angle of attack, then the base pressure
mey be estimated by the present method. )

General remarks.- In view of the reasonably close anslogy that has
been shown to exlst between two-dlmenslonsl base pressures and the
pressure rise through a shock required to separate the boundary layer
from a flat plate, the reverse of the procedure msy obviously be
applled; that 1is, measurements of base pressures masy be accepted as a
means of estimating the pressure rise for separation of the boundary
layer. Investigation of this analogy for lamlnar boundary layers and
laminar wakes might, with the additional consideration of Reynolds
number, lead to an establishment of the Reynolds number for wake
transition and thereby supply one of the critical values for the predic-
tion of base pressure with laminar boundary layers. On the basis of

<Q
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existing experimental results and analyses, 1t appears permissible to
assume for engineering estimates that the base pressure on two-dimensional
bodies will be unaffected by boattail angle or angle of attack.

II - BASE PRESSURE ON BODIES OF REVOLUTION
Bodies Without Fins

Analogy to pressure rise for separstion of the boundary layer.-
For bodies of revolution, and therefore for asxially symmetric flow,
the quantitative analogy between the pressure rise required to separate
the boundary layer and the base pressure 1s not readily established;
however, accepting the idea that the pressure rise required to separate
the boundary layer determines the base pressure permlits a quallitative
analogy to be drawn.

Figure 13 presents & sketch of the flow phenomena at the base of
a body of revolution for which the varistion in Mach number on the body
surface is zero. The converging wake (A to B) is essentlally conical
and must experience a recompression along AB, whereas for two-
dimensional flow the convergence of the wake would cause no change in
pressure from that corresponding to the completed expansion at A.
For the body of revolution, therefore, there is & decrease in Mach
number along AB such that immedistely shead of B the local Mach
nunber is conslderably less than would he the case for a two-dimensional
base with the same value of Mach number at A. Exactly at B the
turning of the flow mey be considered two dimensional; consequently,
the two-dimensionsl pressure-rise coefficlent would apply exactly at B
and the value of M; would be that immediately ahead of B. It becomes
obvious, therefore, that in order to realize the same value of My
Just ahead of the base of the tralling shock for a two-dimensional base
and the base of a body of revolution, each having the same degree of
wake convergence, the value of the Mach number ahead of the base Mg
must be considerably greater for the body of revolution. From the
above reasoning and in view of the variation of & with M, shown in
figure 4, the base pressure on bodies of revolution would be expected
to be considerably higher than that on two-dimensional bodies at low
and moderate supersonlic speeds and equal to or slightly less than that
on two-dimensional bodlies at high supersonic speeds.

Although experimental base-pressure results tend to confirm the
preceding qualitative analysis, quantitative confirmation through calcu-
lations based on Ppr 1s deslrable; however, it would be necessary to
know the distance N (see fig. 13) before any reverse calculetlion could
be made of the Mach number varistion from B to A. This distance
would of necesslity have to be measured from experlmental results and
the location of the polnt B would be subject to considerable error.
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For this reason and from conslderstion of the Iinherent errors ilnvolved
in a reverse calculation of this type (method of characteristics), no
attempt has been made to apply thils approach. Instead, measurements
have been made, from published schlleren photographs and shadowgraphs,
of the angle 6 (see fig. 13) between free-stream direction and the
clearly defined outer boundary of the convergent wake. The main part

of these measurements was obtained from shadowgraphs made by The
Ballistic Research Laboratories (BRL), Aberdeen Proving Ground, examples
of which are shown in reference 2. The results are shown in figure 1kh.

Several values of 6 and My from figure 14 were utilized in
attempts to calculate the Mach number variation along the surface of
a cone replascing the convergent wake to determine whether a reasonable
approximation of the required value of M; could be obtained at some
station ahead of the tip of the cone. The method of characteristics
wag used first in these calculations. All the results showed that, if
rellable pressures were to be obtained over the rear portion of the
cone, more and more polnts mist be added to the characterlstic net as
the cone tip is approached. Because of this complication, the calcu-
letions were confined to My = 2.00 and 6 = 10.330; the results are
gshowvn in figure 15, The third refinement to the cglculations, which
gave b points along the cone surface, gave a value of M; of approxi-
mately 1.60 at the cone tip as compared to the critical value of about
1.58 determined from Pp. It 1s difficult to estimate whether further
refinements to the characteristic calculations would lower the calcu-
lated value of M- much further, but the fact that the value thus

calculated and that determined from P, are of the same order would

seem to offer, at least, support for the qualitative analogy presented
previously. The less exact method of small disturbances was used in
several 30-point calculations and, excluding the rearward 5 to 10 per-
cent of the cone where the predicted values begin to Increase rapidly
toward Infinite pressure at the tip, these results also gave values

of Mj of the same order as those determined from P,. Furthermore,

the results of reference 18 would appear to indicate that the theoreti-
cally predicted positive pressures over the rear of a parasbolic con-
vergent afterbody are realized experimentally.

Recently, measurements have been made in the Langley 9-inch super-
sonlc tunnel of the recompression along the surface of a 10° conical
afterbody preceded by a cylindrical section and within the wake behind
the base of a cylindrical semibody of revolution mounted on & boundary-
layer-removael plate. The results for the 10° conical afterbody are
presented in figure 16 and show clearly that the recompression along
the cone surface reaches posltive values and 1s of the order of magni-
tude predlcted theoretically. TFigure 17 presents the wake pressures
meagured on the surface of the boundary-layer plate for which orifices
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were located along an extension of the body center line and along a
10° ray passing through the shoulder of the base. Although the wake
pressures thus measured are subjeect to the effects of the presence of
the plate surface, they are belleved to represent a reasonably accursate
plcture of the true varlation of the weke pressures with the posslible
exception of regions very close to the hase. At M = 1.93 a direct
comparison mey be made between the results of figures 16 and 17 since,
as shown in figure 14, the value of 6 at M = 1.93 is very close

to 10°. Such a comparison shows that the recompression along the wake
boundary 1s very similar to that on the conical afterbody and that the
recompression tends to be slightly greater for the wake boundary; thus,
the calculated recompresgssion at Mgy = 2.00 presented previously would

appear to be a conservatlve estimate. These results coupled with the
preceding analysis tend to substantliste the ldea that the pressure rise
required to separate the boundary layer is the predominant factor in
determining the base pressure in axially symmetric as well as two-
dimensional flow.

The results of figure 17 sppear to be of additional significance
in that the results at all Mach numbers show that the general assump-
tion of constant pressure within the convergent wake behind a body of
revolution 1s not permissible.

Simplified relation to weke convergence.- The upper curve of fig-
ure 1l through a Mach number of about 4, is faired through the measured
experimental values of wake convergence 6 presented as a function of
the Mach number ahead of the base. The double symbol for a given
measurement representse the limits of measurement of 6 from both sildes
of the wake. All experimental polnts represent the case of zero boat-
tailing, and no measurements were made for bodies having fineness ratios
less than 5. If the cylindrical afterbody was not sufficlently long
to allow the assumption that the Mech number ahead of the base was close
to free-gtream Mach number, the Mach number shead of the base was
determined by the method of characteristics. Figure 18 presents a
compllation of experimental base-pressure data for bodies of revolution
with cylindrical afterbodies (zero boatteiling) including a curve
representing the compllation of experimental date by Chapman from
reference 10. TFor several of the experimental values of base pressure
in the Mach number range from 1 to 4, the effective two-dimensional
expangsion angle Be &t the bese was calculated end compared with the
values of the measured axially symmetric expansion angle 6. In all
instances &, was approximately 85 percent of 6. Because of the
recompression that exists from A to B (see fig. 13) and the influence
of this recompression on the base pressure, 6 would be expected to be
somewhat larger than ®o. From My = 1 to 4 the curve of & in fig-
ure 14 was determined as 85 percent of the curve of 6. Beyond Mo = L,
the values of Be were computed from the experimental values of base
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pressure from figure 18 and the curve of 6 in figure 14 was faired
a8 shown by essuming the 85-percent factor to hold throughout the Mach
number range. It 1ls interesting to note that, within experimental
accuracy, the maximum value of 6 18 equal to the maximum value of B
given by the basic curve of figure 4. The fact that thils equality
exists lends further weight to the anaslogy that has been presented,
since 1t must exist 1f the basls for the snalogy is correct.

The curve of base pressure coefficient Pp plotted against M,

represented by the varlation of 8&e = 0.856 against My is entered

on figure 18. TFor comparison with the experimental results, curves

of the absolute limiting base pressure (vecuum) and the prediction of
Gabeaud (latest method, ref. 4) have been included. Beyond M, = 3 the
predlction of Gabesud is seen to glve a good egtimate of the experimental
results. However, as stated previously, little 1s known of the method
except the meager information of reference 4. All available informa-
tion indicates that Gabeaud confines comparisons with his method to
finned bodies of revolution. Agreement of the method with results

from finned bodiles, particularly at Mach numbers below about 3 must,

as in reference 37, be considered fortultous since the relation glven

in reference 4 includes no terms to cover fin effects. As will be

shown later, these effects result from comblnations of several variables
and are significant. The only conclusion that will be drawn here 1is
that the method of Gabeaud is satisfactory for bodilies of revolution

(no fins) with turbulent boundaery layers and zero boattailing for

M, = 3 or greater. Whether this method 1s intended to be applicable

to these conditlons 1s not kmown. : _

Effect of fineness ratio of cylindrilical afterbody.- In the preceding
discussion, the relation between Pp and Bg was established for the

Mach number ahead of the base on bodies having fineness ratios of 5 or
gregter. The fineness ratlio of the cylindrical afterbody for these
bodles was alweys 3 or greater. For shorter cylindrical afterbodies

the variation of the pressure along the surface of the body from the
point of Jjuncture of the nose shape and the cylindrical section to the
base can be appreciable and is & function of nose shape and Mach number.
As the afterbody length ls varled, the Mach number and pressure lmmedi-~
ately ahead of the base vary and the base pressure would be expected to
vary accordingly. Additional effects upon the base pressure may result
from the pressure field (created by the nosé shape) acting upon the ]
wake boundaries but no attempt will be made to eccount for these effects.
In thils approximation, therefore, the prediction of P a8 fineness
ratio L/h (or L/D) 1s varled becomes simply a calculation of the
pregssure and Mach number immediately ahead of the base and the applica-
tion of the value of B8e from the curve in figure 1L4. In this and
other dlscussions to follow, the pressure and Mach number shead of the
base have been calculated by the method of characterlistlcs, unless
otherwise sgtated. o ' .
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Figure 19 presents results of base-pressure measurements made in
the Langley 9-inch supersonic tunnel on cone-cylinder bodies with
varying afterbody length. The semiapex angle of the cone was 15° and
a transition strip was located l/Z inch ahead of the shoulder. As
shown, the effect of varying Reynolds number was small. ALt all Mach
mumbers the method employed gives a reascnable prediction of the effect
of afterbody length on the base pressure. The slightly higher experi-
mental base pressures, as compared with the estimates, may be attrib-
uted to the neglect of the effects of the body<induced pressure field
upon the wake boundaries and to the use of artificial transition which
has been shown in severael investigatlions to cause the base pressure to
be 5 to 10 percent higher than that for natural transition. (See

ref. 27, for example.) While the correlation factor (L/h)R'l/5 pro-
posed 1in reference 2 seems more than justified for a configuration
where varisgtions in L/h have small effect upon the pressure and Mach
number shead of the base, and in such epplications is supported by the
work of Crocco and Lees (ref. 1), the results shown in figure 19 indi-
cate that epplication of this factor to bodies having epprecisble varia-
tion in My and p, with L/h would be questionable. It 1s obvious
that L/h 1s by far the predominent factor in determining base pressure
for such bodles. The results for cone~cylinder bodies correlated in

reference 2 in terms of (L/h)R'l/5 show a correlation curve that
because of the small range of R resembles the curve which would
result from en L/h variation only. If a particular value of L/h
were assumed to have a large range of R 1n comparison to other values
of L/h, 1t becomes apparent that a calculation of base pressure from
the correlation curve for this particular L/h would Be subject to
significant error. The results of reference 27 over a narrow range

of R show that other inadequscies exist in this form of correlation
for bodies having varying Mo end p, with L/h.

Figure 20 presents reproductions of shadowgraphs obtained in an
investigation at the Ballistic Research Laboratories, Aberdeen Proving
Ground, reported in reference Z1. The models were cone-cylinders
having verying afterbody lengths as shown and semiapex angles of
approximately 10°. Free-stresm Mach number was sbout 1.84%. The Mach
number ahead of the base My 1s indicated for each model. (The value
of My for the cone corresponds to a vanishingly short afterbody.)
Entered on the shadowgraphs are the tangents to the wake bounderies that
were used to measure 8, as are the particular wvalues of 6. The
general agreement between these values of 6 wlith the values given by
the curve of figure 14 at the corresponding Mach numbers ahead of the
base tends to give further Indication that the effect of varylng sfter-
body length upon base pressure is essentislly the results of the varia-
tion in Mach number and pressure shead of the base.
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In figure 21 the compllation of experimental data by Chapman
(ref. 2) for a cone-cylinder of % = 5 and the calculations by Chapman

based upon wake measurements are compared with the present method for
predicting the effect of afterbody length. Alsc included for comparison
1s the curve representing the conditlon for My = M, as glven in fig-

ure 18. The present method gives a good prediction throughout the
range of experimental deta with the exception of the lowest Mach num-
bers. In this viliclnlty, however, the nose shock is approaching detach-
ment and the resulting varlations in entropy and, posslbly more lmpor-
tant, the variations in base pressure due to transonic effects would
be expected to cause significant deviatlons of experiment from elther
of the methcds. The estimated variations of figure 21 also Ilndicate
that the effect of shortening the afterbody decreases with increasing
Mgch number.

Effects of boattailing.- In the sectlon on two-dimensional base
pressures, the effect of boattalling when B S & was shown to be
reasonably estimated by subtracting B from 5. For axially symmetric
flow, however, the application of the same method (l.e. 8¢ - 8) would
be expected to be lnadequate except for large ratios of base diameter
to maximum diemeter h/D. (As B-—él closely the use of (d¢ - B) as
an approach would, as concluded in reference 3, be Inadequate since in
the 1imit there would be no influence of the boattall upon the base
pressure.) As h/D decreases from near 1 to O but B is held con-
stant, Pp will vary according to the variation of Mo with n/D,
which for most boattall configurations 1s appreciable; the same type
of pressure varlation that exists along the surface of the boattall
has been shown In flgure 17 to exlst along the boundary of the conver-
gent wake after the base, for example, from A to B i1n figure 13.
Consequently, the assumption 1s made that B 18 modified by some
factor K and that the quantlty KB 1s to be subtracted from de.
The factor K, therefore, represents essentlally a conversion of 8
from a three-dimensional to & two-dimensional boattall in order that
it may be used with Be, a two-dimensional quantity. “An additional
sssumption is made that the variation of K with h/D is linear.

The limites for K are established as follows: when % =1, K=1
since the expanslion exactly at the beginning of the boattall is two
dimensional; when % =0, K= 0.85 since the empirical conversion

factor of 6 to B, was 0.85 (the latter limit may be more readily

visualized by considering B > 8). There are obviously other effects
of varying h/D which will influence Pp, such as those discussed in

the section on two-dimensional bases, which meke the above limits of K

a rough spproximation only, particularly the limlt at % = 0. For the
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partlcular case of %-<>O and B < B, the base would always lie near

the base of the tralling shock. In addition the diametrical and axial
pressure variation in the so-called dead-air reglon behind the base is

'greater for a three-dimensionsl than for a two-dimensional base. An

indication of this conclusion may be seen in flgure 22 where the dis-
tribution across g two-dimensional base and a cylindrical base of a
finned parabolic body of revolution (body of ref. 18 for which fin
effects were negligible) are compared. Thege results are from tests

in the Langley 9-inch supersonic tunnel. The distribution across the
two-dimensional base is seen to be almost constant, while the cylin-
drical base experiences appreclable variastions near the edges. The
varigtion across the cylindrical base would seem to confirm the results
of force tests which have shown that pressures measured nearer the
center of bases on bodies of revolution are more reliable for base

drag estimstions. Although no axlal results are avallable for a two-
dimensional base, the large axiasl pressure variations of the type shown
to exist behind a three-dimensional base (fig. 17) obviously do not
exist 1n a two-dimensional wake, otherwise there would be negligible
difference In the base pressure for axislly symmetric and two-dimensional
flow.

In figures 23, 24, and 25 the results of several experimental
measuremnents of the effects of conical boattalling are presented, and
in figure 26 some accumulated results of measurements on the NACA
BM-10 missile are presented and compared with the results obtained by
the present method. For computing P when £ > 6, The procedure

employed in the two-dimensional analysis was used with KB and B,.

In flgure 23, comparison of the various methods and the experimental
results for negative boattalling (simple cones) shows that all methods
are falr predictions of variaetion and magnitude. TFor negative boat-
talling, the present method reverts to finding Py for a cone-cylinder
body where the cylinder length becomes zeroc. For positive boattailing
all methods are falr predictions of trend and magnitude through p = 10° 3
though the present method indicates & variation that is slightly more
in agreement with experiment. TFor B > 10° +the present method tends
to indicate the leveling off and the decrease in P that must occur;
the experimental velues have also begun to level off.

In figure 24, the present method is compared with the experimental
results and the method of Cortright and Schroeder. The present method
was based upon the three methods employed for calculating the Mach num-
ber ghead of the base glven in reference 3. The comparison shows that
the prediction is very much dependent upon the method for celculating M,.
Both the method of Cortright and Schroeder and the present method give
fair predictions of the effect of B and the effect of h/D. The
effect of increasing h/D 18 seen to increase with increasing pB. The
present method eppears to give a slightly better prediction of the
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veristion of Pg with B for %= 0.70%, but this may be Ffortuitous,

in part, since it was stated in reference 3 that at B = 5.63° the
boundary layer was inadvertently thickened.

Figure 25(a) presents examples of the calculated surface pressure
for various boattaill angles at M, = 3.24, and in figure 25(b) the
experimental regults of reference 13 are compared with the present
method. Agasin the dependence of the method upon the theory employed
to calculate My is evident. The predlction based upon the method of
characteristics 18 in close agreement with the experimental results.

In figure 26 falr agreement is shown in magnitude and variation
between the results of the present method, for which the value of My
was calculated by the theories of Lighthill (ref. 38) and of Jones and
Margolis (ref. 39), and the compilation of experimental data for the
NACA RM-10 missile (parabolic body) from references 17, 31, 40, and 41.
On the basis of thls comparison, the present method would seem satis-
factory for estimating base pressure on bodies whose boattails are not
necessarily conical.

Angle-of-attack effects.- In general, the initial effect of angle
of attack for bodies of revolution is to cause a decrease in base pres-
sure until separatlion on the lee side of the afterbody becomes appreci-
able (usually near o = 150). Further increase in o appears to cause
a slight increase in base pressure until the angle of stall is reached
(of the order of « = 35°). Indications are that at stall the base
pressure experiences a decrease and, with lncrease 1n a Ybeyond that
for stall, remains fairly constant untll o —> 90°; near o = 90° the
base pressure must obvlously lncresse. Both body shape and Mach number
eappear to have significant effects upon the varlation of Pp with «.

(See refs. 10 and 42, for example.) All the dats examined for o > 6°
were subject to sting-interference effects; however, a preliminary inves-
tigation conducted in the Langley 9-inch supersonic tunnel indicated that
sting supports designed according to existing standards so as to have
small effect at o = 0° (see refs. 2, 18, 19, and 27) may be expected to
have equally small effect at angles of attack up to gbout 60°.

In order to assess the possibilities of the use of the present
method to estimate angle-of-attack effects, the NACA RM-10 body (no
fins) was selected since considerable experimental results exist for
this configuration. (See refs. 40 and 41, for example.) As a point
of possible interest, all the avallable experimental results for the
RM-10 body tend to indicate that the rate of decrease in Pp with o«
becomes less with increasing My, even for the lower values of M.
The experimental results for the RM-10 body at M, = 1.49 are shown
in figure 27(a) and are compared with the various estimates. As a
crude first-order estimate, the integrated average value of M, wes
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calculated using the method of Jones and Margolis (ref. 39) to determine
the value of P Jjust shead of the base at o = 0° and the method of
Allen (ref. 43), given here as

P = Po=0 + |40 « cos 6 + aB(1 - L sin26)] (2)

to determine the radial pressure distribution at the base. At each
value of a, the integrated average value of My thus determined was

used to calculate Ppg. As shown in figure 27(a), the results indicate
a decrease In Pp with a, but the rate of decrease is considerably

less than experiment. This crude estlmate does not take into account
the possibility that a portion of the lee surface ghead of the base
may have exceeded B¢, a condition that has obvicusly occurred at the
higher angles of attack. A second and more refined estimate was made
with this condlition accounted for by the same method employed to
estimate boattail effects; that is, at each value of & +the value

of Pgp was determined by accounting for the boattall angle and the
effective angle of attack. It was assumed that the pressure on the
body surface shead of the base was constant beyond the value of 6

for separation at each a. (See fig. 27(b).) The integrated average
value of Pp was calculasted in this menner for each «. The variation
of Py with o from this second estimate is in falr sgreement with
the experimental results. Also shown for comparison 1s the variation
of P with o estimated by assuming that Pp changes according to
the change in P at 6 = 90° as given by equation (2). The general
agreement between this form of estimation and experiment was first
noted in reference L0 and was concluded to be somewhat fortuitous; the
same conclusion is reached here for angles of attack beyond that for
separation on the lee side of the body, but for angles of attack less
than that for separation this estimate should give a falr approximation
since the variation in Pp on the lee side of the body tends to be

offset by the varlation on the windward side.

In equation (2) the term in the bracket, which represents o
effects, 1s independent of Mach number, but it is clear that this
expression cannot be used at Mach numbers much greater than 2 since
it glves a varilation which would yield values of Py less than the
sbsolute 1limit (vacuum). At very high Mach numbers (M, =~ 7) Ferri's
cone theory extended to the body surface would seem to be applicable.
(See ref. 4it.) A method appliceble to the intermediste range has not
been found.

Bodies With Fins

Problem in general.- The addition of fins To a body of revolution
may or mey not have an appreclable effect on the base pressure. The
primsry variables that may influence the base pressure through the
presence of the fins are: free-stream Mach number, number of fins,
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fin sectlon, fin location, fin thickness ratlo, body diameter, fin
sweepback, and fin span. Body shape and boattalling will, of course,
interact with the above variables to affect the base pressure. There
have been numerous base-pressure Ilnvestigations of bodles with fins
but relatively few to investigate the fin effects. Examples of the
latter may be seen in references 15, 18, 20, 22, and 30.

Confilguration for principal analysis.- The configuration which
seems to predominste in most experimental investlgations is that of
references 15, 20, and 30. Additional unpublished data for a similar
conflguration have recently been obtained in the Langley 9-inch super-
sonic tunnel and are presented herein. The basic configuration consists
of a cylindrical body equipped with an ogival nose and four equally
spaced l10-percent-thick fins having symmetrical clrcular-arc sections
and rectangular plan forms. The ratio of fin span to body diameter
is 3.5, the ratio of fin thickness to body dlameter is 0.15, and the
trailing edges of the fins are colncident with the bage. The original
full-scale models were tested in free flight and were reported on in
references 15 and 20. In reference 30, a foreshortened model was
tested in s wind tunnel to determine the effects of fin location, fin
thlckness, and number of fins. For the tests 1n the Langley G-inch
supersonic wind tunnel the nose of the body was conical, but was far
enough ahead of the fins to have negligible effect on the base pressure
from nose shape. In addition, the body extended one fin-chord length
behind the fin trailing edge. Measurements were made of the pressure
field on the body surface created by the presence of the fins. Less
extensive direct measurements were made of the effects of fin location
on base pressure. — -

Effects of fin location and Mach number.- Figure 28 presents the
results of the pressure measurements on the body surface at Mach n%m-
bers of 1.93 and 2.41 for Reynolds numbers of approximately 3 X 10
and 12 X 106. For the lower Reynolds number laminar flow existed ahead
of the fin-body Juncture which caused turbulent flow Iin the manner
described in reference 18. At the higher Reynolds nunmber natural transi-
tion occurred considerably ahead of the fin-body Juncture. The results
at Me = 1.93 show that Reynolds number had little effect on the body
pressures, whereas at Mw = 2.41 +the higher Reynolds number gave con-
sistently higher body pressures.

In order to determlne whether an average Mach number ahead of the
base could be used to predict the base pressure, the surface pressure
coefficlents of figure 28 for the higher Reynolds number were employed
to obtain the integrated average Mach number ahead of the base shown 1in
figure 29. The values of x/c define the location with respect to
the base of the tralling edge of the fin in terms of fin chord and
agree with the convention used in reference 30. Utllizling the present
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method for predicting base pressures, the values of P shown in fig-
ure 30 were computed. In reference 30 experimental values of Pp were

obtained at Mach numbers 1.5 and 2.0 with varying x/c. These values
may be subject to some effects from nose shape, particularly for the
large positive values of x/c, gsince the relation of the body-alone
pressure distribution (for M = 2.00) to the gecmetry of the configu-
ration is as shown in figure %1, However, a preliminary investigation
of the effect of body length in reference 30 seems to indlicate that
these effects would be small. Also, as shown in figure 31, at nega-~
tive x/c the base of the fins protruded into the dead-air region
behind the base and may have some effect on the experimental values
of Pp. From the compariscons to follow, however, these effects would
also seem to be small.

Figure 32 presents several comparisons of predicted and experi-
mental values of Pp for the finned body as x/c is varied. The
experimental results obtained 1In reference 30 at M_ = 1.50 and 2.00
are shown as the dot-dash curves extending over a range of % =3l. A
comparison of the curve at My = 2.00 with the calculated curve of
figure 30 for Mg = 1.93 1ndicated an almost exact prediction of the
variation in base pressure 1f the calculated curve were shifted down-
stream by % & 0.5, The calculated curve shifted by this amount is

shown in figure 32. Although the agreement in verigtion with x/c is
good, the predicted values of base pressure for M, = 1.93 would appear
to be slightly high when compared with the experimental wvalues for

Mo = 2.00. At My = 2.41 the experimental measurements of Pp were
confined to positive x/c. Though the Jjustification is not as strong

as for the previous comparison, a shift of the predicted curve down-

stream by % x~ 0.6 glves a general agreement with the experimental

variation in the overlapping range of positive x/c. As before, the
predicted values of base pressure are somewhat high.

In spite of the shortcomings of the above comparisons, several
indications of various fin effects are shown. The most important
finding here seems to be that whereas for unfinned bodies, including
those of small fineness ratio, the base pressure may be reasonably
predicted when the Mach number and pressure shead of the base are known,
for the finned body of this investigation the Integrated average Mach
nunmber shead of the base predlcts the proper variation of base pressure
with fin location only when the predicted variation 1s shifted rearward.
Consequently, the conclusion may be drawn that the effects of the
pressure fields created by the fins have appreciable effect on the
wake boundaries behind the base and must be taken into account. In
addition, the magnitude of the prediction of Pp from the integrated

average value of My 1s of the right order when the distance through
which the predicted curve must be shifted is known. The effect of
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increasing Mach number is to lessen the fin effects at a given value”
of x/c and to extend further downstream the region of influence from
the fins; both of these effects would be expected since -increesing
Mach number reduces thickness effects and causes the reglons of dis-
turbance from a point to be swept farther back. From the results of
flgure 32, the effect of increasing body diameter while all other
parameters are held constent may be reasoned to result generally in s
reduction of the fin effects upon the base pressure. _

Effects of thickness ratio and sweepback of fins.- Figure 33
presents the variation in base pressure resulting from a variation in
thickness ratio of the fins for this configurastion. -All data are for

a fin position of % = 0. The effect of increasing ;t/c in decreasing

the base pressure is seen to be significant. Also ipndlcated is the
reduction of this effect from increasing Msch number. In view of
these effects, giving sweepback to the fins would, in most instances,
decrease the fin effects upon base pressure since, effectively, the
thickness ratio of the fin parallel to the body surface is reduced.
The results of reference 18 when compared With the results of the
pregent investigation for simllar fin locations, and wlth proper con-
sideration of thickness as shown in figure 33, demonstrate clearly the
reduced fin effects resulting from sweeping the fins back L5° Flg-
ure 34 gives an example of the relatively small effects of the fins of
the NACA RM-10 missile, which are 10 percent thick and sweptback 60°

Some estimations of fin effects.- In an effort to determine whether
the pressure fleld due to the fins for the configurstion under discussion
could be approximated reasonably by simple shock-expansion theory, and
thereby make some crude approximations of the fin effects on base

pressure for §,= 0 over the Mach number range of the results ofirefer—

ences 15 and 20, the integrated average Mach number shead of the base
was determined by graphically constructing the expansion field about a

fin at M, = 2.00 for a range of % = 11. The resulting estimation of

Pp (shifted downstream by % = 0.5 as before) is entered on figure 32

and compared with the experimental results. From % =0 *to % = -1.0

the estimation 1s fair. The high pressure peak beyond % = ~-1.0 appears

invalid, though it 18 a crude prediction of trend; the values for
% >0 are unsatisfactory. On the basis of the fair prediction from
X=0 to Z=-1.0, this method has been used in the predictions to
be discussed in the followlng paragraph.

Figure 35 presents a comparison of the free-flight results for the
configuration under discussion (from ref. 15) and two predictions
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utilizing the present method based upon the integrated average Mach
number at certain x/c stations. Also included for comparison are
the wind-tumnel results, with and without fins, from the tests in the
Langley 9-inch supersonic tunnel and those reported in reference 30,
and the body-alone curve from figure 18. Referring to figure 32, the
amount of displacement in the predicted curves necessary to bring
them in line with the experimental variations 1s seen to be equivalent
to the negative value of x/c at which the minimum base pressure
occurg. One of the predicted curves of figure 35 (estimate A) is
based upon this displacement. The locatlion of the minimum base pressure
at negative x/c plotted agalnst Mach number gives essentially =
linear varigtion with Mw, and this assumed linesr variation has been
used to select the value of x/c for which the integrated average Mp
was calculated for estimating Pp. For example, at M = 2.00 the
value of x/c *to be used is about 0.51, and at M = 1.50 it is
approximately O.4. (The stations for calculation must be positive
since the curve is always shifted to the right.) Essentially, there-
fore, the value of M, thus obtalned corresponde to a station behind
the base and along a fictltious extension of the body surface, and in
this regard supports the method of Chapmen (ref. 2).

The other predicted curve in figure 35 (estimate B) was obtalned
by a scmevhat different method in that the statlon behind the base,
but elong a fictitious extension of the body, was chosen differently.
In reference 2, measurements were made of the wake thickness behind
cone-cylinder bodies of fineness ratio 5. The faired curve from these
measurements is shown in figure 36(a) in terms of base dlameter. The
wake thickness 1y was measured just behind the tralling shock since
in this region ty 18 almost constant and is well defined. These

values of %y have been used with the values of 6 from figure 14 to

calculate an approximation of the location of the base of the trailing
shock In terms of body diameters from the base. The results are shown
in figure 36(b). (It is interesting to note that although %y and 6
mey vary appreciably with My, the approximate location of the base of
the trailing shock experiences little change.) The assumption was made
that disturbances from the fins would have no effect on Pp beyond a
value of x/c corresponding to the location of the base of the tralling
shock thus determined. The station behind the base along the filctitious
body extension selected for cselculating My was halfway between the
base of the body and the base of the tralling shock, or if the last
expansion from the fin did not reach 2% = g- (low M), the station

was halfway between the base and the intersection of the last expansion
from the fin with the extended body (meridisn 45° from meridian of fin).

As shown in figure 35 the former estimate (labeled estimate A)
is more in agreement with experiment at the higher Mach numbers while
the latter estimate (estimate B) tends to be more satisfactory at the
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lower Mach numbers. Even though these approximations are based on
simple approaches, both give a falr estimation of the fin effects. No
calculations were made below Mw = 1.5 since the leading~edge shock
on the fins 1s near detachment. Shock detachment and the interaction
of the shocks from opposite fins may explain why the experimental
results tend to level off at the lower Mach numbers. All of the wind-
tunnel base pressures for the finned body are lower than the free-
flight results. The body-alone results are in falr agreement with

the curve from figure 18 with the possible exceptlon of the point at
M = 1.5. Also indicated 1s the decrease in fin effects as Mach number
increases. : : -

Genersl remarks.- It is possible to visualize that for certain
conditions the fins would have small or negliglible effect on base
pressure until moderate or high Mach numbers are reached. For example,
a fin could be of such a design and so located with respect to the
base that at low Mach numbers only small effects would be experienced
by Pp due to the localization of the region of primary influence.

At higher Mach numbers the downstream extension of the region of primary
influence could cause a decrease in base pressure. Such a variation

has been measured in the vicinity of Me = 2.6 on finned free-flight
models and reported in reference 24. -

There is a need for much additional experimentsl informstion on
the effects of the variables associated with fins upon the base pres-
sure. Even though the simplified approach presented herein gives fair
epproximations of the pressures created by the fins, a more rigorous
method would aid considerably in attempts to analyze the fin effects.
The method of Moskowitz and Maslen (ref. L5) may, when modifled to
apply to cruciform fins, give a sufficiently accurate prediction of
the pressures on the body surface to ald in such an analysis; in view
of the rather lengthy calculations involved and the fact that the
agreement between prediction and experiment shown in reference 45 was,
in some instances, only falr, no attempt was made to extend the method
to -this investigation.

CONCLUDING REMARKS

A summary analysls has been made of available experimental dats
to show the effects of most of the varlables that are more predominent
in influencing base pressure at supersonic speeds on two-dimensional
bases and the bases of bodies of revolution, with and without fins,
having turbulent boundary layers. In this analysis an attempt has also
been made to show the present status of available experimental informa-
tion on base pressure and the methods for its prediction.
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A simple semiempirical method is presented for estimating base
pressure that essentially extends the method of Cortright and Schroeder
(NACA RM ES51F26), and which for two-dimensional bases, stems from an
analogy established between the base-pressure phenomena and the pres-
sure rise required to separate the boundary layer. An analysis is
made for axially symmetric flow which indicates that the base pressure
for bodies of revolution is subject to the same analogy. Based upon
the methods presented, estimations are made of such effects as Mach
number, angle of attack, boattelling, fineness ratio, and fin effects.
These estimations are falr predictions of experimental results.

There appear to be few systematic investigations of the effects
of fins upon base pressure. The complexity of this problem and the
many varlables Involved would seem to warrant equal i1f not more atten-
tilon 1n experimental and theoretical investigations than that being
devoted to bodies wilthout fins.

Langley Aeronautlcal Laboratory,
Nationel Advisory Commlittee for Aeronautics,
Langley Field, Va.
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Base pressure coefficient, Pg
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(a) Vertical knife-edge schlieren phofographs
showing vortex streetin wake. (@=10° ~
trans.stripon top and bottom surfaces.)

(b) Shadowgraphs showing effect of angle of_attack
on'the base phenomena (R =180 x10°)
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Figure 9.- Flow phencmena behind two-dimensional base. M, = 1.93.
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(d) R=3.00x10°

Figure 10.- Flow phenomena behind two-dimensional base.
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Lip shock

(a) Two-dimensional base.

(b) Body of revolution .

L~7T7945
Figure 11.- The lip shock phenomena occurring at the base of bodies at
supersonic gpeeds.
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Figure 12.- Flow phenomena behind two-dimensionsl base showing relation
- between lip shocks and weke convergence with varying Reynolds number.

Mg = 2.41; a = 0°.



Figure 13.- Sketch of base phenomena for a body of revolution.
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Base pressure coefficient, PB
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(b)%= 5, My=1.86

(¢) f=3.14, My=199

Figure 20.- Effects of fineness ratio upon wake convergence for cone-
cylinder bodies. Me= 1.8k. (Reproduction of shadowgraphs from
tests conducted by Ballistlc Research Laeboratories.)
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Figure 2h.- Effects of conieal boattailing and cut-off length upon base
presgssure. M, = 1.91.
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Figure 26.- Effects of Mach number upon the base pressure of the
NACA RM-10 bady (no fins).
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Flgure 28.- Fin effects upon body pressures. % = 0.10;
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Figure 32.- Measurements and estimations of the effects of fin location
upon base pressure at several Mach numbers.
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